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Growth charts are important tools in child health screenings
and pediatric clinical work-ups.1 With the goal of describing
how children should grow in all settings and at all times, the
World Health Organization (WHO) recently developed new
international growth references using children born to
nonsmoking mothers who were exclusively breastfed for at
least 4 months and lived under favorable socioeconomic
conditions.2,3 Because of their “prescriptive” nature,4 these
references were referred to as the WHO child growth stan-
dards (hereafter WHO standards) and have been adopted by
more than 125 countries,5 including Taiwan in 2009.
However, there is an increasing amount of evidence to
challenge the universal applicability of WHO standards in
monitoring the growth of children. First, compared with
WHO standards, other studies have found that UK children
were significantly longer and heavier at birth,6 and children
under the age of 5 years from Denmark,7 Norway, and
Belgium8 were also significantly longer and heavier.
Conversely, other studies have found that children in the
USA were significantly lighter during their first 6 months of
life compared with children representing WHO stan-
dards,9,10 and children under the age of 3 years in Japan11
and Hong Kong12 were also shorter and lighter compared
with WHO standards. Second, the lengths/heights and
weights of breastfed children from Japan,11 Denmark,7
Norway, and Belgium8 were each found to be closer to
local references than to WHO standards. Third, there exist
secular changes in the lengths/heights and weights of
children, as demonstrated in The Netherlands,13 Denmark,8
and Finland.14 Accordingly, countries may only partially
adopt the WHO standards (e.g., the United States15 and the
United Kingdom6) and thus the WHO standards will not
eliminate the need for local growth references.16
The most recent edition of growth references pertaining
to children younger than 5 years (hereafter 1997 Taiwan
references) used in Taiwan was published in 1999.17 The
1997 Taiwan references were based on data from a cross-
sectional survey of 10,564 children aged 0e6 years that
was undertaken between October 1996 and June 1997.
Therefore, this study aimed to develop growth references
for children under five years in the Taiwan Birth Cohort
Study (TBCS). Additionally, we compared the TBCS growth
references with both the 1997 Taiwan references and the
WHO standards.
2. Methods
2.1. Study design
Data were obtained from the TBCS, the first large-scale
longitudinal study of a birth cohort in Taiwan. The aims of
the TBCS were as follows: (1) to document the health and
developmental trajectories of Taiwanese children, (2) to
investigate the effect of social environments on a child’s
health and well-being, and (3) to examine the early origins
of adult health based on each child’s life course. TBCS was
approved by the Directorate-General of Budget, Account-
ing, and Statistics, Executive Yuan, Republic of China, ac-
cording to the Statistics Act of Taiwan.Using two-stage stratified random sampling, a nationally
representative cohort of 24,200 children born in 2005 was
initially taken from the National Birth Report Database,
with a sampling rate of approximately 11.7%. Among
eligible individuals, 21,248 children (87.8%) completed a
baseline survey at 6 months of age and were subsequently
recruited as cohort members.
Before cohort members reached school age, three waves
of follow-up surveys were conducted at ages 18 months, 3
years, and 5.5 years, with response rates of 94.9%, 93.7%, and
92.8%, respectively. Each of the four surveys was conducted
via face-to-face interviews with either the mother or a pri-
mary caregiver after the responsible party provided informed
consent. The TBCS collected a wide range of information on
each child’s health and development, lifestyle, parenting,
child care, and social and physical environment, across
different developmental stages. In this study, each child’s
anthropometric data were collected at every wave of follow-
up surveys; breastfeeding data and related information were
collected with the baseline survey at 6 months of age.
2.2. Anthropometric data
The TBCS collected anthropometric data from two sources.
The Children’s Health Booklet was the primary source for
cohort members before age 3 years, and parental reports
were the primary source of data after age 3 years. All chil-
dren in Taiwan are eligible for seven free well-child visits
under National Health Insurance guidelines.18 During each
instance in which these services are used, nurses recorded
anthropometric measurements in Children’s Health Book-
lets. Prior to each wave of the survey, an official letter was
sent to parents reminding them to bring their cohort mem-
bers to their care providers and to prepare their child’s
anthropometric data before being interviewed. Meanwhile,
TBCS field interviewers were required to carefully transcribe
all anthropometric data and the date of measurement from
the Children’s Health Booklets, including lengths/heights,
weights, head circumferences, and measurement dates.
An initial anthropometric dataset was prepared for the
development of growth references via the following steps.
First, we calculated the exact ages when measurements
were performed by subtracting the measurement date from
the child’s birthdate. Second, we excluded 2,403 children
who did not complete each of the follow-up surveys and 378
children who had fewer than five measurements to present
a more complete growth pattern for each child. Third, we
also excluded anthropometric measurements above and
below four standard deviations from the sample median for
each age group, after considering the distribution of data,
to avoid the influence of extreme values. Fourth, we kept
only complete sets of weight and length/height measure-
ments. As a result, a total of 18,466 children (86.9%) and
153,046 sets of complete measurements (85.5%) were
included in the analysis (Table S1).
2.3. Statistical analysis
We utilized the modified LMS method19 to develop new
growth references for both boys and girls, including refer-
ences for length/height for age, weight for age, and body
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Figure 1 Length/height percentiles (P3, P5, P10, P25, P50,
P75, P90, P95, and P97) by age for boys and girls ages 0e5 years
who were born in Taiwan in 2005.
Growth References for Preschool Children 55mass index (BMI) for age. According to the literature,1
anthropometric data usually distribute in a manner char-
acterized by a positive skew in which the right tail of the
distribution is longer than the left, but the modified LMS
method transforms the anthropometric data for each age
group into a nearly normal distribution via a Box-Cox power
transformation and estimates the following three parame-
ters: Box-Cox transformation power (L), which accounts for
the skewness of the distribution of the data, the median
value (M), and the generalized coefficient of variation (S).
Values for L, M, and S were computed for each age group
and used to plot percentile curves.
We then used a graphical diagnostic tool, the worm plot,
for a residuals analysis and determining the goodness of fit
for the preliminary model building. The shapes of the worm
plot indicated that the data were similar to the afore-
mentioned assumed underlying distribution, suggesting
useful modifications of our preliminary model.20e22 Finally,
we conducted the Q test for location, scale, skewness,
kurtosis, and normality to ensure the goodness of fit of the
final model. All analyses were performed primarily with SAS
9.3.1. For the modified LMS method, we used LMSchart-
maker Pro, version 2.54, to develop the LMS models.23
3. Results
Figures 1e3 present TBCS child growth references for
length/height for age, weight for age, and BMI for age for
both boys and girls. Supporting information, including
values of lengths/heights for age, weights for age, and BMIs
for ages at birth, 6 months, 12 months, 18 months, 24
months, 36 months, 48 months, and 60 months for 1
standard deviation (SD), 2 SD, and nine percentiles, is
included in Table S2.
3.1. Length/height for age
Median lengths at birth were 50.1 cm for boys and 49.5 cm
for girls, and median heights at 60 months were 109.9 cm
for boys and 108.5 cm for girls (Figure 1, Table S2). Both
boys’ and girls’ lengths/heights increased with age, and
boys were taller than girls of the same age in each group.
However, the differences in median length/height between
boys and girls were small and ranged between 0.6 cm and
1.6 cm.
Table 1 compares the median lengths/heights and
widths between the 10th and 90th percentiles for length/
height of the TBCS references, 1997 Taiwan references, and
WHO standards. Differences in median lengths/heights
among all three growth references were smaller than 1 cm
when considering all age groups and both sexes, with the
exception of TBCS children at birth when boys were 2.4 cm
shorter and girls were 1.9 cm shorter than the children used
for the 1997 Taiwan references. Additionally, the differ-
ences in median lengths/heights between the TBCS refer-
ences and the WHO standards tended to decrease with age,
whereas no clear age pattern explained the differences
between the TBCS references and the 1997 Taiwan
references.
The widths between the 10th and 90th percentiles for
length/height rapidly increased with age in both sexes ineach of the three growth references. Overall, the widths of
the TBCS references were smaller than those of the 1997
Taiwan references but larger than those of the WHO stan-
dards. However, the differences in widths among the three
growth references were very small, as most were < 1 cm.
3.2. Weight for age
Median weights at birth were 3.2 kg for boys and 3.1 kg for
girls, and median weights at 60 months were 19.1 kg for
boys and 18.2 kg for girls (Figure 2, Table S2). As was the
case with lengths/heights, both boys’ and girls’ weights
also increased rapidly during the infant stage before slow-
ing in pace. Boys were heavier than girls of the same age in
each group, with differences ranging from 0.1 kg to 0.7 kg.
TBCS children had the lightest median weights at birth
but were heavier than children of both the 1997 Taiwan
references and the WHO standards groups when considering
other age groups (Table 1). This was also the case for widths
between the 10th and 90th percentiles for weight. TBCS
references demonstrated narrower widths at birth but were
larger than each of the other growth references when
Figure 2 Weight percentiles (P3, P5, P10, P25, P50, P75,
P90, P95, and P97) by age for boys and girls ages 0e5 years who
were born in Taiwan in 2005.
Figure 3 Body mass index percentiles (P3, P5, P10, P25, P50,
P75, P90, P95, and P97) by age for boys and girls ages 0e5 years
who were born in Taiwan in 2005.
56 Y.-F. Li et alconsidering other age groups. However, differences in
widths among the three growth references were small, as
most ranged between 0.3 kg and 0.3 kg.
3.3. BMI for age
The median BMIs of the TBCS references increased rapidly
from 12.6 kg/m2 and 12.5 kg/m2 at birth to 17.8 kg/m2 and
17.2 kg/m2 at 6 months before slowly declining to 15.8 kg/
m2 and 15.5 kg/m2 at 60 months for boys and girls,
respectively (Figure 3, Table S2). However, BMIs began to
rebound for both boys and girls at the 85th percentile or
higher at w60 months of age. Boys had higher BMIs than
girls of the same age in each group, and the difference in
median BMI decreased from 0.6 kg/m2 at 6 months of age to
0.3 kg/m2 at 60 months of age.
Compared with the WHO standards (Table 1), TBCS ref-
erences exhibited higher median BMI values across all age
groups, with the exception of TBCS children at birth, whose
BMI values were 0.79 kg/m2 and 0.81 kg/m2 lower for boys
and girls, respectively. TBCS references also demonstrated
greater widths for BMI for all of ages, with the exception ofvalues taken at birth, as the TBCS references demonstrated
smaller widths of BMI than the WHO standards by 0.10 kg/
m2 for boys and 0.01 kg/m2 for girls. We did not make
comparisons with 1997 Taiwan references because relevant
data were not available.
4. Discussion
We developed TBCS child growth references for length/
height, weight, and BMI for age based on a nationally
representative cohort of children born in 2005. TBCS ref-
erences were close to the 1997 Taiwan references in all age
groups and in both sexes, although TBCS children were both
shorter and lighter at birth. Compared with WHO standards,
TBCS children had similar patterns of length/height growth
but were heavier in all age groups except at birth.
Why were TBCS children shorter and lighter at birth than
children of both the 1997 Taiwan references and the WHO
standards? There are several possible explanations. First,
compared with the 1997 Taiwan references,24 TBCS chil-
dren had shorter gestational periods. The mean gestational
age of the TBCS children was 38.4 weeks, whereas the 1997
Table 1 Length/height, weight, and BMI for age for the TBCS references compared to the 1997 Taiwan references and the
WHO growth standards for boys and girls.
Age (months) Boys Girls
Median
(50th Percentile)
Difference between
10th and 90th
Median
(50th Percentile)
Difference between
10th and 90th
TBCS 1997 Taiwan WHO TBCS 1997 Taiwan WHO TBCS 1997 Taiwan WHO TBCS 1997 Taiwan WHO
Length/Height
0 50.1 52.5 49.9 6.0 6.0 4.8 49.5 51.4 49.1 5.7 6.4 4.7
6 67.7 67.4 67.6 6.5 6.8 7.2 66.1 65.5 65.7 6.6 6.5 5.8
12 75.7 75.7 75.7 7.2 7.2 6.1 74.2 74.4 74.0 7.2 7.3 6.6
24 87.7 86.9 87.8 8.6 8.9 7.8 86.5 85.7 86.4 8.7 9.3 8.3
36 95.9 96.0 96.1 10.1 10.3 9.5 94.7 95.0 95.1 10.0 10.1 9.7
48 103.7 103.0 103.3 11.7 10.4 10.7 102.1 102.2 102.7 11.3 10.6 11.1
60 109.9 110.6 110.0 12.5 13.9 11.9 108.5 108.5 109.4 12.2 11.2 12.2
Weight
0 3.2 3.4 3.3 1.1 1.4 1.2 3.1 3.3 3.2 1.1 1.3 1.2
6 8.2 8.1 7.9 2.4 2.6 2.2 7.5 7.5 7.3 2.2 2.2 2.3
12 9.9 9.8 9.6 2.8 2.6 2.7 9.2 9.2 8.9 2.7 2.7 2.8
24 12.5 12.3 12.2 3.8 3.7 3.6 11.8 12.0 11.5 3.6 4.1 3.7
36 14.9 14.8 14.3 5.1 5.3 4.5 14.2 14.4 13.9 4.8 4.9 4.6
48 17.0 16.6 16.3 6.6 5.2 5.4 16.3 16.4 16.1 6.0 5.7 5.8
60 19.1 19.2 18.3 8.0 8.4 6.4 18.2 18.1 18.2 7.1 6.1 7.0
BMI
0 12.6 d 13.4 3.2 d 3.3 12.5 d 13.3 3.2 d 3.2
6 17.8 d 17.3 4.3 d 3.7 17.2 d 16.9 4.3 d 3.9
12 17.2 d 16.8 4.0 d 3.5 16.7 d 16.4 3.8 d 3.8
24 16.4 d 15.7 3.7 d 3.1 16.0 d 15.4 3.7 d 3.4
36 16.2 d 15.6 4.4 d 3.2 15.9 d 15.4 4.3 d 3.4
48 15.9 d 15.3 4.8 d 3.3 15.6 d 15.3 4.6 d 3.6
60 15.8 d 15.2 5.1 d 3.5 15.5 d 15.3 4.8 d 3.9
BMI Z body mass index; TBCS Z Taiwan Birth Cohort Study; WHO Z World Health Organization.
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weeks. In total, 91.3% of babies were born at 37e41 weeks
of gestation in the TBCS, compared to 92.5% in the 1997
growth reference sample. Only 0.3% babies were born at 42
weeks of gestation or later in the TBCS versus 1.2% in the
1997 growth reference sample (Table S3). Second, TBCS
references and WHO standards had different inclusion
criteria. Whereas WHO standards selected only full-term
and singleton children living under socioeconomic condi-
tions favorable for growth, TBCS references recruited a
nationally representative sample and did not exclude chil-
dren based on gestational ages, plurality, or socioeconomic
conditions. Consequently, the prevalence rates of low birth
weight were 6.8% for TBCS children and 2.1% for the sample
used for the WHO standards.25
After 6 months of age, however, TBCS children demon-
strated patterns of weight growth similar to those of the
1997 Taiwan references children and were heavier than the
WHO standards children. Why were the patterns of weight
growth between the TBCS references and WHO standards
different? One possible explanation is that the WHO stan-
dards included only children who were exclusively or pre-
dominantly breastfed for at least 4 months, whereas only
23.3% of TBCS children (Table S4) were exclusively or pre-
dominantly breastfed. Evidence from systematic reviews
suggests that breastfeeding has protective effects againstobesity in children.26 However, many other factors are
involved in childhood weight gain,27 factors that were
beyond the scope of this study. Further research is neces-
sary to investigate the weight growth trajectories of TBCS
children and the determinants of said trajectories.
Although TBCS references for length/height were similar
to those of the WHO standards, the weight gain demon-
strated by TBCS children did not follow WHO standards, nor
did BMI values. Therefore, our results support the need for
local child growth references, such as TBCS references, to
better understand the growth and development of children
in Taiwan. Alternatively, it seems reasonable to apply WHO
standards in countries such as Taiwan in which the breast-
feeding rate is low and the prevalence of childhood obesity
is high. The WHO standards are of significant importance
where the promotion of breastfeeding is concerned, as
breastfeeding protects against the eventual development
of obesity.28 However, this does not fully justify the use of
the WHO standards, as many other factors may explain the
prevalence of childhood obesity.
This study has several strengths. First, we used data
from four waves of surveys of a nationally representative
sample of 24,200 children, with a response rate > 80%.
Therefore, a lower margin of error for anthropometric
measurements could be achieved because of the large
number of participants in the cohort. Furthermore, the
58 Y.-F. Li et alTBCS references accurately depict the growth and devel-
opment of preschool children in Taiwan. Second, the LMS
method used in this study has been widely used in other
countries to develop children’s growth references.
This study also has several limitations. First, we did not
apply standards to collect the anthropometric data during
each wave of the survey. Instead we transcribed the
anthropometric data, data collected primarily before the
age of 3 years, from the Children’s Health Booklets, which
contained length/height and weight measurements per-
formed by professional health care providers. However,
Bryant et al29 suggested that routine health checkup data
relating to growth can be an accurate resource and provides
a feasible method of data collection for research.29 Second,
we did not intensively collect anthropometric measure-
ments because of the large cohort. However, we collected
an average of 8.29 measurements per child from birth to 5.5
years of age (Table S1). Third, the TBCS references used
different inclusion criteria than the WHO standards.
Therefore, the TBCS references and WHO standards were
not completely comparable. We attempted to understand
how TBCS children actually grow as opposed to making
recommendations about how healthy children should grow,
as was done in the WHO guidelines. The objective of our
future research will be to address the question of healthy
growth recommendations for Taiwanese children.
This study has developed TBCS references to monitor the
growth of preschool children in Taiwan using longitudinal
cohort data. However, the weight growth patterns of TBCS
children were different from those “prescribed” by WHO
standards. This study suggests that caution should be
exercised when applying WHO standards to Taiwanese
children, and further research is necessary to investigate
the factors affecting the weight growth trajectories of
Taiwanese children.
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